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The CXCR1 receptor and chemokine CXCL8 (IL-8) support 
neutrophil-dependent clearance of uropathogenic Escherichia 
coil from the urinary tract. CXCR1 is reduced in children 
prone to pyelonephritis, and heterozygous hCXCRI 
polymorphisms are more common in this patient group 
than in healthy individuals, strongly suggesting a disease 
association. Since murine CXCR2 (mCXCR2) is functionally 
similar to human CXCR1, we determined effects of 
gene heterozygosity on the susceptibility to urinary tract 
infection by infecting heterozygous (mCxcr2^^~) mice 
with uropathogenic Escherichia coli. Clearance of infection 
and tissue damage were assessed as a function of innate 
immunity in comparison to that in knockout (mCxcr2~'~) 
and wild-type (mCxcrl^'^) mice. Acute sepsis-associated 
mortality was increased and bacterial clearance drastically 
impaired in heterozygous compared to wild-type mice. 
Chemokine and neutrophil responses were delayed along 
with evidence of neutrophil retention and unresolved kidney 
inflammation 1 month after infection. This was accompanied 
by epithelial proliferation and subepithelial fibrosis. 
The heterozygous phenotype was intermediate, between 
knockout and wild-type mice, but specific immune cell 
infiltrates that accompany chronic infection in knockout 
mice were not found. Hence, the known heterozygous 
CXCRl polymorphisms may predispose patients to acute 
pyelonephritis and urosepsis. 
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Genetic variation influences the resistance to common 
infections by modifying innate immune responses/ Urinary 
tract infections (UTIs) serve as an excellent example. Single- 
gene deletions have drastic effects on UTI susceptibility in 
mice, and human TLR4, CXCRl, and IRF3 polymorphisms 
have been identified in different UTI-prone populations.^^ 
Most of these polymorphisms affect transcription and 
protein expression rather than protein structure, and were 
first identified in patients with UTI.^ It has been estimated 
that > 150 million adults are diagnosed with UTI each year, 
and in childhood acute pyelonephritis (APN) causes kidney 
injury in 20-90% of the patients. ^'^ Unless properly treated, 
APN may cause renal scarring, potentially leading to 
hypertension and renal failure.^'^ Understanding the genetic 
basis of UTI susceptibility and identifying patients prone to 
severe acute disease or tissue damage is therefore essential. 

In 2000, we showed that a mCxcr2 deletion caused 
unrestrained progression of experimental UTI in mice, as 
well as increased acute mortality and renal tissue destruc- 
tion.^'^ Furthermore, CXCRl expression was reduced in 
pyelonephritis -prone children compared with healthy con- 
trols,^ suggesting relevance of this genetic variant for human 
disease. In a subsequent study, we found five heterozygous 
CXCRl sequence variants in APN-prone children; three 
were unique to the APN-prone group and two known 
variants were more common in APN patients than in 
controls. Variant 1 reduced RUNXl and PU.l -dependent 
transcription, whereas variants 2 and 3 disrupted putative 
transcription factor binding sites. Variant 5 was associated 
with reduced levels of the large CXCRl transcript, suggesting 
that this mutation might create a more efficient cleavage site 
and thus reduce the amount of full-length CXCRl mRNA.^^ 

The CXCRl receptor and the chemokine CXCL8 (inter- 
leukin-8) support the neutrophil-dependent clearance of 
uropathogenic Escherichia coli (UPEC) from the urinary 
tract. ^^'^^ CXCL8 binding to neutrophil hCXCRl initiates 
a signalling cascade that governs neutrophil move- 
ment, phagocytic activity, and the release of inflammatory 
mediators. Expression of hCXCRl is also induced by 
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infection of the single layer of proximal tubular epithelial 
cells, which forms the physical barrier against ascending 
UPEC infection/^ Murine CXCR2 (mCXCR2) is func- 
tionally most similar to hCXCRl, even though a putative 
mCXCRl orthologue has been described/ mCXCR2 is the 
cognate receptor for two structurally related ELR^ chemo- 
kines, mCXCLl (KC) and mCXCL2/3 (MIP-2), of which 
mCXCL2/3 has been linked to neutrophil recruitment and 
bacterial clearance in response to UTl/^'^^ mCxcr2 mutant 
mice show a dramatic phenotype with tissue destruction 
resembling renal scarring in human pyelonephritis-prone 
individuals. ^'^^ The receptor deficiency causes neutrophil 
entrapment beneath the mucosa, eventually destroying the 
mucosal barrier.^'^'^^ A single-gene defect that perturbs 
innate immunity is thus sufficient to cause acute suscep- 
tibility and chronic tissue pathology in the murine UTI 
model. 

Our findings thus indicated that CXCRl heterozygosity 
would result in reduced receptor expression and a blunted 
cellular response to UTI. To characterize the impact of 
heterozygous receptor expression in vivo, we analyzed the 
effects of experimental UTI in receptor heterozygous mice. 
The results show that the reduced mCXCR2 expression in 
heterozygous mCXCR2^^~ mice results in a delayed innate 
immune response, increased severity of infection, and 
significant tissue pathology. Our findings indicate that 
human hCXCRl heterozygosity might contribute to disease 
susceptibility. 

RESULTS 

mCxcr2 genotypes and effects on mCXCR2 expression 

Before experimental infection, the mouse mCxcrl genotype 
was verified by PGR, using specific primers for the wild-type 
mCxcr2 gene or the neomycin cassette. A single mCxcr2 band 
was amplified from wild-type (mCxcr2^^^ ) mouse DNA and 
a single band corresponding to the neomycin cassette from 
homozygous (mCxcr2~^~) mouse DNA (Figure la). Both 
bands were amplified from heterozygous mouse DNA 
{mCxcr2^^~) as one copy of the gene was disrupted by the 
neomycin cassette. 

The resulting difference in receptor expression of 
mCXCR2 on peripheral blood leukocytes was confirmed 
by flow cytometry after labelling with mCXCR2 anti- 
body (Figure lb). mCXCR2 expression was high in 



+ /+ 



mice (2.0 + 0.5), intermediate in mCxcr2~ 



mCxcr2 

mice (0.59 + 0.4, P<0.05 compared with mCxcr2^^^ mice 
and P^O.Ol compared with mCxcr2~'~ mice), and absent 
in mCxcr2~'~ mice (P< 0.001 compared with niCxcr2^'^ 
mice). The difference in mCXCR2 expression was further 
quantified by reverse transcription-PCR (RT-PCR). mCXCR2 
mRNA levels normalized against glyceraldehydes-3 -phosphate 
dehydrogenase were compared in blood samples from 
mCxcr2^'^ , mCxcr2^'~, and mCxcr2~'~ mice. The expres- 
sion was lower in the heterozygous mice (P = 0.019) 
than in mCxcr2^'^ mice (P< 0.001) but higher than in 
mCxcr2~'~ mice (P< 0.001; Figure Ic). 
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Figure 1 | mCxcr2 genotyping and mCxcr2 expression of 

mCxcr2^'^ f mCxcr2^^~, and mCxcr2~'~ mice, (a) mCxcr2 
genotype as deternnined by PGR using primers specific for mCXCR2 
for the neomycin gene, (b) Neutrophil mCXCR2 surface expression 
in mCxcr2^^^ , mCxcr2^^~, and mCxcr2~^~ mice, quantified 
by flow cytometry. mCxcr2~^~ mice (light gray) had no receptor 
expression, as verified by comparison with the IgG isotype control, 
mCxcr2^^~ ( dark gray) and mCxcr2^^^ (black), (c) Relative mCXCR2 
mRNA expression (compared with glyceraldehydes-3-phosphate 
dehydrogenase (GAPDH)). Results are means ±s.e.m. (''''P<0.01, 
^^^P^O.001). Representative data are shown from five separate 
experiments. 



Increased mortality in mCxcr2^^~ mice following 
experimental UTI 

In mCxcr2~'~ mice, experimental UTI is accompanied 
by sepsis and significant mortality. To address whether 
heterozygosity influences sepsis and mortality, survival 
was compared between mCxcr2^'^, mCxcr2^^~, and 
mCxcr2~^~ -deficient mice after intravesical infection with 
the UPEC strain 1177, originally isolated from a child with 
APN. Significant mortality occurred during the first week 
after infection, as illustrated by the Kaplan^eier curve in 
Figure 2a; 2% of niCxcr2^' ^ mice, 40% of niCxcr2^'~ mice, 
and 60% of niCxcr2~'~ mice developed lethal infections 
(P = 0.004). Mortality was associated with systemic infection, 
as shown by positive E. coli cultures of blood samples 
obtained by cardiac puncture. At 6h after infection, no 
bacteria were found in the blood of mCxcr2^'^ mice, but 
5 X 10^ colony- forming units (CFU)/ml were found in the 
blood of mCxcr2^'~ and mCxcr2~'~ mice. After 24 h, 
1 X 10^ CFU/ml was found in blood of mCxcr2 mice 
and 4 x 10^ CFU/ml was found in the blood of mCxcr2^'~ 
and mCxcr2~'~ mice. The results suggest that mCxcr2 
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Figure 2 1 Sepsis-related mortality, bacterial counts, and kidney morphology in mCxcr2^'^ , mCxcr2^^~, and mCxcr2~'~ mice. 

(a) Kaplan-Meier survival curve after intravesical infection of mCxcr2^ , mCxcr2^^~, and mCxcr2~'~ mice (P<0.001, mCxcr2^^^ vs. mCxcr2~^ 
P<0.001 heterozygous vs. homozygous), (b) Bacterial counts in the kidneys of mCxcr2^^^ and mCxcr2^^~ mice (NS = not significant), 
(c) Kidney morphology of mCxcr2^^^ , mCxcr2^^~, and mCxcr2~^~ mice, 28 days after infection. CFU, colony-forming unit. 



heterozygous mice run an increased risk of developing septic, 
lethal UTI compared with wild-type mice. 

Impaired bacterial clearance in mCxcr2^^~ mice 

Experimental UTI is rapidly cleared in immunocompetent 
mice but delayed in mCxcr2~'~ mice. To address whether 
heterozygosity influences bacterial clearance, cultures from 
kidneys and bladders were obtained at different times after 
infection. Following infection of mCxcr2^'^ mice with 10^ 
CFU/ml of UPEC strain 1177, there was a rapid decline in 
renal bacterial counts and infection was cleared after about 7 
days (Figure 2b). In contrast, mCxcr2^'~ mice showed a 
delay in bacterial elimination from the tissues (P<0.01 
compared with mCxcr2^'^ mice at day 7, 14, and 21). The 
kidneys remained infected for 21 days, before the infection 



was cleared. Furthermore, mCxcr2^'~ mice showed intact 
overall renal architecture, without subepithehal or subcap- 
sular abscesses or papillary necrosis (Figure 2c). In contrast, 
mCxcr2~'~ mice remained infected during the entire 42-day 
period and showed a significant loss of renal tissue integrity 
(Figure 2c). The results suggest that whereas bacterial 
clearance from the urinary tract is delayed by reduced 
mCXCR2 expression in mCxcr2^'~ mice, overall tissue 
integrity remains intact. 

Chemokine response to experimental UTI 

Infection activates a rapid cytokine/chemokine response in 
the urinary tract mucosa. To address whether heterozygosity 
influences chemokine expression, concentrations of the 
neutrophil-specific mCXCL2/3 and the monocyte- specific 
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Figure 3 1 Differences in neutrophil and cytokine responses 
to infection between mCxcr2^'^ and mCxcr2^^~ mice, 
(a) Secretion of mCXCL2/3 and (b) mCCL2 into urine after infection 
of mCxcr2^^^ and mCxcr2^^~ mice with E. co//1177. (c) Neutrophil 
counts in urine of mCxcr2^^^ and mCxcr2^^~ mice. Samples 
were obtained before infection (Oh) and 2, 6, and 24 h and from 
7 days to 42 days after inoculation. Results are means ± s.e.m. 
(^P<0.05, ^^P<0.01, 8-10 mice per time point). 



mCCL2 cytokines were quantified in urine samples, obtained 
at regular intervals after infection. The mCXCL2/3 response 
was high in mCxcr2^'^ mice after 6h, but declined after 14 
days (Figure 3a). In mCxcr2^'~ mice, the mCXCL2/3 
response was delayed but prolonged, reaching a maximum 
after 24 h and remaining elevated for 28 days in most of the 
mice (P<0.05, Figure 3a). Infection did not trigger mCCL2 
secretion in mCxcr2^^^ -type mice (Figure 3b), whereas in 
mCxcr2^'~ mice mCCL2 was present in urine during the 
entire study, even though the maximum level was reached 
after 24 h (P<0.01, Figure 3b). The results suggest that there 
are qualitative and quantitative differences in the chemokine 
response to UTI between mCxcr2^' ^ and mCxcr2^'~ mice. 

Impaired neutrophil recruitment in heterozygous mice 

Neutrophils are essential effectors of the antibacterial defense 
in the urinary tract, and deficient neutrophil clearance 
severely impair host resistance. To characterize neutrophil 
recruitment and clearance in mCXCR2^^~ mice, neutrophils 
were first quantified in urine samples, obtained after 6 h and 
1, 7, 14, 28, and 42 days of infection (Figure 3c). In 
mCxcr2^^ ^ mice, the increase in urine neutrophil numbers 
reached a peak at 6 h followed by a decrease to background 
levels at 24 h (Figure 3c). The mCxcr2^'~ mice showed a first 
peak in urine neutrophil numbers at 6h, corresponding to 
the kinetics in control mice, but this peak was significantly 
lower (P<0.05). A second wave of neutrophil recruitment 
occurred in the mCxcr2^'~ mice with a peak, 7 days after 



infection (P<0.01). This peak was not detected in the 
mCxcr2 ^ ^ ^ -type mice. 

Neutrophil infiltrates were subsequently examined in renal 
tissue sections obtained after 6h and 7, 14, 28, and 35 days 
after infection (Figure 4). In mCxcr2^^^ -type mice, infec- 
tion triggered a rapid, transient neutrophil influx (Figure 4a), 
but after 7 days few neutrophils remained in the renal tissues 
or in the lumen (Figure 4a). In mCxcr2^'~ mice, a weak early 
neutrophil response was observed; however, on day 7 a 
neutrophil infiltrate was noticed (P<0.05) and neutrophils 
were still found in aggregates that remained in the pelvic 
lumen from day 7 after infection (Figure 4b). The results 
suggest that despite reduced receptor expression neutrophil 
recruitment occurs in mCxcr2^'~ mice, with a delay, 
compared with mCxcr2^' ^ wild-type mice. 

Chronic tissue damage 

To examine the effects of heterozygosity on changes in renal 
tissue morphology in response to infection, hematoxylin- 
eosin- stained tissue sections were examined using high- 
resolution microscopy (Figure 5). mCxcr2^'^ mice cleared 
the infection with only a minor epithelial proliferation 7 days 
after infection, but there was no evidence of fibrosis (Figure 
5a). In mCxcr2^'~ mice, subepithelial fibrosis was observed 
after 14 days with Masson's trichrome staining, and epithelial 
hypertrophy was seen (Figure 5b). After 28 days, multiple 
layers of epithelial cells and subepithelial fibrosis were 
observed in the inflamed tissues of niCxcr2^'~ mice (Figure 
5b). In niCxcr2~^~ mice, tissue structure was initially normal 
post infection, but after 7 days thickening of the pelvic 
epithelium and bacterial mass in the lumen was observed 
(Figure 5c). After 28 days of infection, the inflammatory cell 
infiltrate was abundant, and the tubular structure was almost 
completely destroyed (Figure 5c). 

A collected overview of the course of disease in mCxcr2 ^ ^~ 
mice is presented in Figure 6. Larger neutrophil aggregates 
were observed in the lumen of mCxcr2^'~ mice from 7 days 
after infection up to 28 days after infection. Epithelial 
hypertrophy and subepithelial fibrosis were found with 
hematoxylin and Masson's trichrome staining of mCxcr2^'~ 
mice (Figure 6). 

The results suggest that reduced mCXCR2 expression and 
impaired innate immunity leads to a chronic inflammatory 
state in mCxcr2^'~ mice. 

Lack of monocyte/lymphocyte infiltration in heterozygous 
mice 

Previous studies in mCxcr2~^~ mice showed that the initial 
neutrophil recruitment in response to UTI is followed by a 
monocytic infiltrate, comprising lymphocytes, plasma cells, 
and Russell bodies, as well as macrophages and foam cells.^^ 
In mCxcr2~^~ mice, lymphocytes were abundant in the 
medulla, but also in the subepithelial space, although to a 
lesser extent. To examine whether a similar cellular infiltrate 
might be established in niCxcr2^'~ mice, kidney sections 
obtained at different times after infection were examined by 
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Figure 4| Neutrophil response, epithelial damage, and neutrophil accumulation in the kidneys of infected mCxcr2^'^ and 
mCxcr2^^~ mice, (a) Early subepithelial neutrophil influx in wild-type mice after 6h of infection. Wild-type mice show intact epithelium 
and no neutrophil accumulation, (b) Delayed subepithelial neutrophil influx (arrows) and neutrophil accumulation H 7 days after infection 
in heterozygous mice. Proliferating epithelium was observed 14 days after infection in mCxcr2^^~ mice. Hematoxylin-eosin staining 
(left panel) and immunohistochemistry, using the monoclonal granulocyte-specific antibody (RB6-8C5; right panel). IF, infiltrate. 



immunohistochemistry after staining with antibodies specific 
for neutrophil, macrophage, dendritic, and various lympho- 
cyte markers. Interestingly, cells with a lymphocyte-like 
morphology were observed throughout the kidneys, but 
specific antibodies did not stain this population (Supple- 
mentary Figure SI online). In 10% of the mCxcr2^^~ mice, 
macrophages were observed in the cortex 42 days after 
infection (Supplementary Figure SI online). 

DISCUSSION 

We have detected significant effects of homozygous single- 
gene deletions on UTI susceptibility in mice and associations 
of heterozygous polymorphisms to susceptibility in UTI- 
prone patients.^^ These results were unexpected, as single- 
gene polymorphisms have not generally been considered 



sufficient to alter the susceptibility to complex clinical 
syndromes such as APN, and as the genetic variants were 
heterozygous, potentially leaving a reduction in function 
rather than a complete loss of function associated with most 
monogenetic disorders. However, although the heterozygous 
mutations have been shown to reduce gene expression in 
reporter assays, the functional importance of heterozygous 
variants for in vivo infection has not been defined. This study 
investigated whether mCXCR2 heterozygosis is functionally 
relevant for UTI susceptibility. We found increased acute 
mortality in mCXCR2^^~ mice, a delay in neutrophil 
recruitment, and evidence of neutrophil retention and 
unresolved kidney inflammation, accompanied by epithelial 
proliferation and subepithelial fibrosis. However, unlike 
mCxcr2~'~ mice, subcapsular abscess formation was not 
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Figure 5 | Epithelial hypertrophy and tissue fibrosis in mCxcrl^'^ , mCxcr2^^~, and mCxcr2~'~ mice, (a) Minor epithelial proliferation 
in mCxcr2^^^ mice, 7 days after infection, but no evidence of fibrosis, (b) In mCxcr2^^~ mice, subepithelial fibrosis and epithelial 
hypertrophy was observed 7 days after infection. Proliferating epithelium was seen after 14 days of infection in the mCxcr2^^~ mice, 
(c) Thickening of the pelvic epithelium and fibrosis were observed 7 days post infection in the mCxcr2~^~ mice. After 28 days, the 
inflammatory cell infiltrate was abundant and Russell bodies were observed. At 35 days post infection, the tissue was destroyed and 
replaced by abscesses and inflammatory cells. Proliferation is visualized by hematoxylin-eosin staining, and Masson's trichrome was 
used to visualize tissue fibrosis (blue). 
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immunofluorescence hematoxylin masson's trichrome 




Figure 6 1 Overview of the disease in mCxcr2^^~ mice. A collected overview of the course of disease in mCxcr2^^~ mice, showing neutrophil 
accumulation in the lumen (RB6-8C5 and 4'-6-diamidino-2-phenylindole), and epithelial proliferation and fibrosis as indicated by arrows. 
E, epithelium; L, lumen. 



observed in the heterozygous mice and the acute phase was 
not followed by severe tissue destruction. The results indicate 
that a single heterozygous mCXCR2 defect impairs critical 
aspects in the innate immune response, thus increasing the 
susceptibility to APN. 



Genetic variation affecting chemokine receptor expression 
has been shown to modify host resistance to infections. A 
genetic variant of CCR5 (delta-32) was associated with low 
risk for HIV infection and slow disease progression.^ 
Recently, a haplotype of the human CXCRl gene was shown 
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to be protective against rapid disease progression in HIV-1 
patients.^^ The mCxcr2^^~ mice showed an altered innate 
immune response to UTI, increased sepsis-associated mor- 
tality, and impaired bacterial clearance. Urosepsis accounts 
for ^25% of all sepsis cases and may develop from 
community- or nosocomially acquired UTI.^^ Our early 
studies in mCXCR2~^~ mice provided the first evidence that 
genetic defects affecting innate immunity increase the 
susceptibility to urosepsis,^ and subsequently single- nucleotide 
polymorphisms in genes encoding tumor necrosis factor- (3, 
interleukin-6, CD 14, and TLR2 have been associated with 
sepsis (reviewed by Sutherland et al?^). In this study, we 
observed significant mortality during the first week after 
infection in mCXCR2 ^ '~ mice compared with control mice, 
and mortality was accompanied by systemic infection. The 
mortality in the heterozygous group occurred during the first 
24 h (40%); however, in contrast to the mCXCR2~^~ mice, 
mortality does not increase further. It is possible that the 
window was caused by the delay in neutrophil recruitment in 
the heterozygous mice, making them 'homozygous-like' only 
during the first 24 h. 

The cellular origin of the cytokine response in the urinary 
tract has been extensively studied, with regard to the 
producing cells, the virulence factors, and the involved 
signalling pathways.^'^^"^^ In response to infection with 
UPEC, epithelial cells produce high amounts of cytokines 
and chemokines, such as interleukin-6, CXCLl-3, CXCL8, 
and CCL2 in order to attract leukocytes to the place of 
infection. The first chemotactic signal emanates from 
uroepithelial cells, which are efficient chemokine producers^^ 
(for review see Godaly et al.^^ and Chowdhury et al.^^). 
However, neutrophil recruitment is rapid, and recruited 
neutrophils take over as the major source of inflammatory 
mediators after 30min to 2h and recruited inflammatory 
cells^^ contribute to the later waves of chemokine response. 
Bacteremic infections are likely to activate a number of 
additional cell types, as the bacteria cross the epithelial 
barrier, traverse the submucosa, and invade local blood 
vessels. Mesangial, endothelial, interstitial cells, and renal 
fibroblasts produce both CXC and CC chemokines.^^'^^ 
In this study, the monocyte/lymphocyte chemo attract ant 
mCCL2 was elevated in heterozygous mice, but not in wild- 
type mice. Although a cellular infiltrate with lymphocyte-like 
morphology was observed in the heterozygous mice, anti- 
bodies against mCXCR2, CD3, CD4, and CDS failed to stain 
the cells, possibly indicating an unconventional phenotype.^^ 
Evidence of apoptosis was not found, as TdT-mediated dUTP 
nick- end labelling staining failed to identify the cellular 
infiltrate, suggesting that the 'round- cell' morphology did 
not reflect cell death.^^"^^ Chemokine receptors are further 
involved in reconstruction of denudated areas after kidney 
injury.^^ Cells surviving the initial injury dedifferentiate into 
mesenchymal phenotype, migrate into denudated area, where 
they proliferate back to epithelial phenotype to replace the 
lost cells. Further studies are needed to examine whether 
such mechanisms may explain the cellular infiltrate. 



The cause of renal tissue damage after infection remains 
poorly understood; however, previous studies have suggested 
that the exaggerated neutrophil infiltrate and deficient 
neutrophil function in niCxcr2~^~ mice may be a critical 
factor.^ mCXCR2/3 (formerly MIP-2) is one functional 
ortholog of the human neutrophil chemo attrac tan t CXCL8 
(formerly termed interleukin-8). Blocking of mCXCL2/3 in 
the murine UTI model has been shown to inhibit neutrophil 
migration across the epithelium into the urine. A balanced 
neutrophil recruitment into the tissues and exit across the 
epithelial barrier is essential to benefit from the antibacterial 
effector functions while removing the toxic neutrophil 
contents from the tissues. In heterozygous mice, neutrophil 
recruitment was delayed, but there was a construction of 
neutrophil infiltrate, suggesting one mechanism of tissue 
damage. The neutrophils were mainly located adjacent to the 
lumen, possibly providing a driving force for the epithelial 
hypertrophy and subepithelial fibrosis, suggesting that the 
reduced mCXCR2 function in these mice is insufficient to 
maintain proper tissue homeostasis in the infected state. 

Innate immune mechanisms control the antibacterial 
defense of the urinary tract and maintain tissue homeostasis 
during infection. Although hCXCRl was the first identified 
polymorphic innate immune response gene and the first 
genetic determinant to be associated with human UTI,^ our 
studies have since identified additional genetic determinants 
of UTI susceptibility.^'^ Tlr4 promoter polymorphisms were 
recently shown to control the level of TLR4 expression, and 
specific polymorphisms were associated with asymptomatic 
bacteriuria rather than APN.^ Furthermore, interferon 
regulatory factor 3 (IRF3), which controls the transcription 
of several innate immune response genes including CXCL8^ 
and human IRF3 promoter polymorphisms with a strong 
APN association, were recently detected.^ These findings raise 
the possibility that future risk assessments in children with 
febrile UTI might include genetic markers. Further clinical 
studies are needed to demonstrate whether heterozygous 
polymorphisms, including hCXCRl, might help to predict 
risk for severe UTI. 

MATERIALS AND METHODS 
Bacteria 

E. colillll, serotype 0:1K:1H:7, was isolated from a child with APN^° 
and was maintained in deep agar. E. co/f 1177 is hemolysin negative 
but expresses P and type 1 fimbriae and is virulent in the UTI 
mouse model where it evokes a strong innate immune response.^ ^ 
E. coliWU was cultured on tryptic soya agar plates, harvested by 
centrifugation, and resuspended to a concentration of 10^ CFU/ml. 
The bacterial concentration was confirmed by viable counts. 

Mice 

Mice were bred in the animal facilities at the Department of 
Microbiology, Immunology, and Glycobiology, Lund University, 
Lund Sweden. Breeding pairs of mCxcr2^'~ and mCxcr2~'~ 
(C.129S2(B6)-Il8rb*^'^™/J) mice were purchased from Jackson 
Laboratories (Bar Harbour, ME). Congenic Balb/c mice were used as 
controls {mCxcr2^'^). mCxcr2~'~ mice fail to express mCXCR2, 
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owing to the insertion of a neomycin gene,^^ and heterozygous mice 
express less of the receptor, owing to codominant inheritance. The 
study was approved by the Animal Experiment Ethics Committee at 
the Lund district court in Sweden. 

Genotyping by PCR 

The mCxcr2 genotype was confirmed by PCR on DNA extracted 
from ear clippings and blood samples of individual mice as 
described previously.^ Validated primers specific for the wild-type 
mCxcrl gene and the inserted neomycin gene were used (Figure la). 
Validated primers specific for the wild-type mCxcrl (5'-ggTCgTA 
CTgCgTATCCTgCCTCAg-3' and 5'-TagCCATgATCTTgAgAAgTCC 
Atg-3') and for the inserted neomycin gene (5'-CTTgggTggAgAgg 
CTATTC-3' and 5'-AggTgAgATgACAggAgATC-30 were used. 

Experimental APN 

The ascending murine UTI model has been described.^^ Briefly, 
following anesthesia, wild- type, heterozygous, and homozygous 
mice were infected by intravesical inoculation (10^ CPU/ ml, 100 |il) 
through a soft polyethylene catheter (outer diameter 0.61 mm; Clay 
Adams, Parsippany, NY). The catheter was withdrawn, and the mice 
were allowed food and water ad libitum. Animals were killed at the 
designated time intervals after infection, or when they developed 
symptoms of severe disease. The experiment was repeated four times 
with 5-7 mice in each group. After killing the mice, bacterial 
numbers in kidneys and bladders were determined by viable counts 
on tissue homogenates. The organs were separately placed in a 
sterile plastic bag containing 5 ml of phosphate-buffered saline (PBS, 
O.lmol/1, pH 7.2), and homogenized in a Stomacher 80 homog- 
enizer (Seward Medical, UAC House, London, UK). Homogenates 
were diluted in sterile PBS, 0.1ml of each dilution was plated on 
tryptic soya agar, and the number of colonies was scored after 
overnight culture at 37 °C. The contralateral kidney was placed in 
4% paraformaldehyde and stored for histological analysis. Mice with 
severe UTI symptoms were examined for bacteremia. Blood samples 
obtained by cardiac puncture were collected into heparin-coated tubes. 
A volume of 100 |il of blood was cultured on uriselect agar plates, 
whereupon different dilutions were tested for the different counts. 
Bacterial numbers were quantified after overnight culture at 37 °C. 

Urine samples were obtained before infection and at regular 
times after infection. Urine neutrophils were quantified in a hemo- 
cytometer chamber. mCXCL2/3 and mCCL2 concentrations in 
urine were quantified by ELISA (R&D Systems, Abingdon, UK), 
according to the manufacturer's instructions. 

Histological evaluation of acute and chronic infection 

The fixed tissue samples were dehydrated by overnight incubation 
in alcohol, followed by xylene, and placed in Histowax (Histolab 
Products, VastraFrolunda, Sweden), according to manufacturer's 
recommendations. The samples were embedded in paraffin; 4-5 \im 
sections were cut and placed on glass slides. Sections were depara- 
ffinized and stained with hematoxylin-eosin. Masson's trichrome 
staining was used for detection of fibrosis, as described in Svensson 
et al}^ Three individuals investigated samples independently. 

Immunohistochemistry 

Kidneys were placed in a freshly prepared solution of 4% 
paraformaldehyde in PBS at 4 °C overnight, rinsed in 15% followed 
by 25% ice-cold sucrose in PBS. The tissues were then frozen in 
isopentane at —40 °C and stored at —80 °C until sectioned. Cryostat 
sections were cut at a thickness of 10 )im, thaw-mounted onto 



poly-L-lysin-coated glass slides, dried for 30-60 min, and stored at 
—80 °C. The samples were graded by three independent observers. 

For neutrophil staining, the sections were incubated with a 1:200 
dilution of the anti-rat NIMP-R14 antibodies (Abeam, Cambridge, 
UK), and for macrophage staining the sections were incubated with 
Macrophage Marker (RM0029-11H3) antibodies (1:40; Santa Cruz 
Biotechnology, Heidelberg, Germany) for 2-3 h. Murine anti-CD3, 
anti-CD4, and anti-CD8 antibodies were used for lymphocyte 
staining with a 1:40 dilution for 2-3 h (R&D Systems) and murine 
anti-CD205 was used for dendritic staining (Hycult, Uden, The 
Netherlands). After staining, the slides were washed three times and 
developed with a solution of Alexa 488-conjugated goat anti-rat IgG 
(1:100, Molecular Probes, Invitrogen, Stockholm, Sweden) for 
60 min. The sections were incubated in 4'-6-diamidino-2-phenyl- 
indole (Invitrogen) for 5 min followed by rinsing in PBS. As a 
control, incubations with primary antibodies were excluded for one 
slide in every labelling experiment. All antibodies were diluted in 
PBS containing bovine serum albumin (2%) and Triton X (0.05%). 
The slides were examined in an Olympus AX 60 microscope 
(Olympus, Solna, Sweden) equipped with the fluorescence detection 
for Alexa Fluor 488 and 4'-6-diamidino-2-phenylindole, and images 
were captured with an Olympid DP70 digital camera (Olympus). 

mRNA isolation 

Blood was collected with heparinized RNAprotect Animal Blood 
Tubes (Qiagen, SoUentuna, Sweden) to prevent the blood from 
coagulating. Total RNA was purified with RNeasy Protect Animal 
Blood Kit (Qiagen) according to the manufacturer's instructions. 
Samples were stored at —80 °C until use. 

RT-PCR 

The RNA was converted to complimentary DNA by reverse transcrip- 
tion using Superscript III First-Strand Synthesis System for RT-PCR 
(Invitrogen). Real-time RT-PCR using QuantiTect SYBR Green PCR 
(Qiagen) was preformed for measuring the amount of complimen- 
tary DNA, according to the manufacturer's instructions. The results 
were analyzed in Rotor gene 2000 (Qiagen) in which a cycle threshold 
valued (Cr) was estimated. Gene expression levels were calculated by 
the ACt method and normalized to housekeeping gene. The murine 
housekeeping gene glyceraldehydes-3 -phosphate dehydrogenase was 
used as an internal standard. The mouse primers used for RT-PCR 
are glyceraldehydes-3 -phosphate dehydrogenase (QTO 1658692) and 
mCXCR2 (QT00283696), and were purchased from Qiagen. RT-PCR 
was used to compare and verif)^ mCxcr expression in mCxcr2^'~ 
and mCxcr2~'~ mice compared with mCxcrl^'^ mice. 

Flow cytometry 

Blood samples were collected in heparinized tubes from a wild- 
type mouse. Neutrophils were identified and gated by staining 
whole blood with 1:200 dilutions of the neutrophil-specific anti- 
rat RB6-8C5 antibody (a kind gift from Dr A Sjostedt, Umea 
University, Sweden) for 30 min and secondary stained with 
Alexa 488-conjugated goat anti-rat IgG (Abeam, UK) for 60 min. 
Red blood cells were lysed by adding 2 ml FACS Lysing solution 
(BD Biosciences, Oxford, UK). mCxcr2 expression was analyzed by 
staining 100 )il of whole blood from mCxcr2^'^ , mCxcr2^'~y and 
mCxcr2~'~ mice with 10)il of anti-mouse Cxcr2-phycoerythrin 
(R&D Systems). IgG at a volume of 10)il was used as a negative 
control. The samples were quantified by flow cytometry (FASC 
Calibur, BD Biosciences). 
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Statistical analysis 

The nonparametric Mann-Whitney (7-test (two-tailed) and Fisher's 
exact test were used. The statistical program used was the In Stat version 
for Macintosh. Differences were considered significant for P<0.05. 
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